In the presence of an injury, anesthesia can aggravate an already existing condition of shock, or if shock is impending, anesthesia can precipitate it. In an attempt to evaluate the importance of several of the circulatory factors involved, we have studied dogs in good condition and in shock (hemorrhage). Particular attention has been given to the influence of varying depths of anesthesia on heart rate, on systolic, diastolic, and mean arterial blood pressure, on central venous pressure, and on blood flow in three vascular beds, femoral, carotid, and mesenteric.
In the presence of an injury, anesthesia can aggravate an already existing condition of shock, or if shock is impending, anesthesia can precipitate it. In an attempt to evaluate the importance of several of the circulatory factors involved, we have studied dogs in good condition and in shock (hemorrhage). Particular attention has been given to the influence of varying depths of anesthesia on heart rate, on systolic, diastolic, and mean arterial blood pressure, on central venous pressure, and on blood flow in three vascular beds, femoral, carotid, and mesenteric.
MATERIALS AND METHODS
Animals. Satisfactory data were obtained from a total of 53 mongrel dogs, weighing about 14 kgm. each. Adequate blood flow data were obtained from the following experimental material: 16 dogs received evipal with 17 runs (i.e., change in anesthesia depth from very light to very deep) on 11 dogs in good condition, and 9 runs on 9 dogs in shock; 9 dogs received ether, with 14 runs on 6 dogs in good condition, and 14 runs on 7 dogs in shock; and 11 dogs received cyclopropane, with 24 runs on 10 dogs in good condition and 18 runs on 10 dogs in shock. Occasionally, because of technical difficulties, flow data in a given experiment were not satisfactory and yet the pressure data were good. Accordingly, the pressure data are based upon a larger series than the flow data: evipal pressure data are based upon experiments on 21 dogs; ether, on 21 dogs; and cyclopropane, on 11 dogs.
The animals were heparinized with Connaught Laboratories' heparin before cannulation, and a constant intravenous drip of heparin was maintained throughout the remainder of the experiment.
Anesthesia. Sodium evipal was administered intravenously in 10 per cent solution. Ether was administered initially by open cone induction. The neck was dissected, a tracheal cannula inserted, and ether during the rest of 1 The work described in this paper was done under a contract, recommended by the Committee on Medical Research, between the Office of Scientific Research and Development and Harvard University. 2 Lieutenant, M. C., V(S), U.S.N.R. ' Fellow of the National Research Council.
the experiment was administered by means of a closed system (Foregger) with carbon dioxide absorption. Dead space was maintained near normal. Cyclopropane was given initially in oxygen through a cone equipped with a rubber diaphragm which fitted snugly around the dog's snout. After induction, cyclopropane anesthesia was maintained as with ether. After the recording camera was started, the usual procedure was to allow the animal to become lightly anesthetized, as judged by the character of the respiration and the sensitivity of the corneal reflex. As a further index of depth of anesthesia, in some of the experiments, we used the reflex contraction of the semitendinosus muscle in response to electrodal stimulation of the sciatic nerve. The activity of this reflex was a useful guide to anesthesia depth in the animals in good condition, but not a dependable one in the animals in shock. Starting from a state of light anesthesia, the anesthesia was deepened. In the case of evipal, this was accomplished by additional intravenous injection, deepening the anesthesia quickly. The volatile anesthetics were employed so as to produce a condition of deep anesthesia during a period of about 10 to 15 minutes (Figures 4, 5, 7, 8) . Administration was terminated when the animal was near the point of respiratory failure. The dog was then allowed to blow off the agent, after which the procedure was repeated.
The standard preparation involved the dissection of the trachea, both carotid arteries, one external jugular vein (sometimes both), the superior mesenteric or portal veins, and one femoral artery. Dissection was done with electrocautery, with meticulous hemostatis in order to reduce blood loss after heparinization. The preliminary induction of anesthesia and the dissection usually consumed about one hour and a half. After dissection, the animal was heparinized and flowmeter cannulae inserted into the femoral and carotid arteries and superior mesenteric vein. As a rule, the flowmeter cannulation required that the blood flow through the vessel in question be interrupted for a period of 1 to 3 minutes. Cannulae were also inserted in one carotid artery and in the jugular vein and connected with the pressure manometers for recording. The heater currents and counter currents (see Appendix) were then set for each of the 3 flowmeters, and the recording camera started. These procedures consumed an additional hour; thus about 2Y2 hours elapsed from the time of anesthesia induction until recording was started. The preparation of the animals was necessarily time consuming and involved considerable dissection and trauma, yet at the end of this, 181 our subjects were as a rule in excellent condition with a mean arterial pressure of 120 mm. Hg or better when the recording began, and characteristically remained so until routine bleeding was started.
Pressures. Arterial pressure was recorded from the cannulated carotid artery. Central venous pressure was measured through a flexible plastic tube inserted in the right external jugular vein and passed down so that its open tip lay near the entrance of the superior vena cava into the right atrium. Zero pressure base-lines for arterial and venous pressures were taken from the same level by opening the chest of the dog after death, severing the thoracic aorta and vena cava, filling the chest with water up to the level of the entrance of the venae cavae into the atrium, and balancing the mercury columns against this level, a modification of a method recommended by Green (1) .
Both arterial and venous pressures were recorded optically by means of glass membrane manometers similar to those described by Green (2) . The natural period frequency of the arterial systems (approximately 150 per second) was such as to give a satisfactorily accurate recording of peak systolic and diastolic pressures. A plastic tubing, "Saran" (Dow Chemical Company), was used for the hydraulic connections between manometer and cannula. This tubing was essentially non-distensible, sufficiently flexible, and did not crystallize and break after repeated bending.
In order to record at will either full pulse pressures or integrated mean pressures, a hydraulic damping system was installed ( Figure 1 ). The single lead from stopcock A was connected to the cannula by Saran tubing. When full pulse pressures were to be recorded, stopcock A was turned to transmit the pressure wave through the upper of the 2 parallel arms directly to the glass manometer E, and stopcock B was turned off. To obtain records of damped pressure, stopcock A was turned to transmit the pressure wave through the lower of the 2 arms, in which a plug of glass wool (F) had been inserted. At the same time, stopcock B was opened in order to connect an airbell above the stopcock to the system. Stopcock D was kept closed at all times, except when the amount of air in the airbell was to be adjusted for purposes of varying the time characteristics of the damped record. Stopcock C was used solely to connect the manometer to a pressure bottle and mercury manometer for purposes of calibration. The entire system was kept filled with fluid except for the air bubble which was confined above stopcock B. These damped pressures did not, of course, represent an average of systolic and diastolic pressures, but rather an integrated mean equivalent to half the area under the pressure curve during a time constant which could be varied with the size of the airbell. Heart rates and pressures were counted or measured from the optical records. We agree with Werle, Cosby, and Wiggers (3) that because of arrhythmias and variations of systolic and diastolic pressures with individual heart beats, no absolute values for these figures can be taken. In order to minimize the arrhythmic effects of respiration, heart rates were counted for periods which included several respiratory cycles, 10 We should like to preface our presentation of the flow data with the clear statement that we realize fully the hazards of blood flow measurement. However, the results are sufficiently consistent to give some basis for conviction as to validity, and pending the development of better methods for recording blood flow, it appears to be justifiable to present the results tentatively, with the hope that they can be checked subsequently when blood flow can be measured with more accuracy.
Impedance calculations. Impedance calculations were made to determine whether or not given flow changes were those to be expected from changes in pressure. An increase in impedance ordinarily indicates vasoconstriction, while a decrease in impedance would denote vasodilatation. The impedance figures are subject to the same errors as those for flow.
From the measurements of flow in a given vascular bed and the difference between the mean arterial and venous pressures, the hydraulic impedance of the bed was calculated by the formula, Mean Arterial Pressure (mm. Hg) -Mean Central Venous Impedance = Mean Pressure (mm. Hg) K Mean Flow in cc. per second This calculation is derived from Poiseuille's equation and is similar to the formula commonly used for calculating "peripheral resistance," but differs from the usual formula in that central venous pressure is taken into account, and the word "impedance" is used instead of resistance. Consideration of venous pressure yields a figure of increased accuracy, since, as Poiseuille showed, it is actually the "difference" in hydraulic pressure which provides the moving force to fluid, and in the case of the peripheral circulation, this difference is the difference between the mean central arterial and mean central venous pressures. Both pressures must necessarily be expressed in the same units and with reference to the same level. In dogs, the venous pressure factor makes for only a small error when the animals are in good condition, but in shock, when the mean arterial pressure is low, the error arising from neglect of the venous pressure factor may be as high as 10 to 15 per cent.
The term "impedance" seemed preferable to "resistance" because the animal circulation, with its fluctuating pressures and elastic vessels, bears a close analogy to an A.C. circuit, where inductances and capacitances may produce a lag between voltage and current fluctuations. The term "resistance" which implies a certain special relationship between pressure and flow, properly applies only to hydraulic systems with perfectly rigid walls or with steady pressure head, or both.
Shock production. After one or more "control" runs from light anesthesia to deep and back again, with the animal in good condition, the animal was bled from an artery or from a vein, small amounts at a time, depending upon the condition of the animal. Initially, this usually varied from one-half to one per cent of the body weight with subsequent bleeding at 20 to 30-minute intervals in one-quarter per cent of body weight quantity, depending upon the animal's condition. Bleeding was varied so that over a period of an hour or more the blood pressure would reach a shock level, which was arbitrarily defined as a mean arterial pressure of 70 mm Hg, or below. There was always oozing from cut surfaces after heparinization, and at times, the blood lost in this way was considerable, amounting to over 100 cc. during an experiment of several hours. Blood loss through oozing was as far as possible collected and measured, and included in the figures for total blood loss. Undoubtedly, the dissection and oozing contributed to the shock induced by bleeding. Hence, the shock here is not pure hemorrhagic shock, but is complicated by some trauma from dissection and the necessary intestinal exposure and manipulation and in part by burn from the cautery. When the animal had been put into shock the anesthesia was deepened through one or more cycles as before. This was continued until the animal died.
Records of pressures and of flows were taken continuously from the cannulated vessels. The flow recording beams were checked about every 3 minutes for drift due to variables mentioned before, and any drift found was corrected. The arterial pressure recording system was shifted from damped to undamped at frequent (about 3-minute) intervals during the experiment, allowing us to follow closely changes in systolic, diastolic, and mean pressures. The central venous pressure was usually recorded as damped.
RESULTS AND DISCUSSION
The tables below summarize the data on which the curves (Figures 2, 4 Tables I and II). since, at this time, our primary interest is in qualitative effects, we have included these data. We frequently checked flow changes in an artery with simultaneous records from the corresponding vein ( Figure 3) diminution in flow through the carotid, femoral, and mesenteric vascular beds, as recorded either in the artery or in the vein; no consistent changes in heart rate. Impedance calculations were not made with the evipal flow data, since these flow values were not considered dependable in a quantitative sense.
The mean arterial pressure changes found here confirm those described by Das (9) and others. The maximum effect on the circulation usually occurred about a minute after the intravenous injection, with all components recovering gradually thereafter over a period of many minutes, oftentimes not reaching again the original control levels.
The only important difference between the acute effects of evipal injections in animals in good condition as compared with animals in shock was that in shock, recovery from the effects took considerably longer than in animals in good condition and was almost always incomplete. These effects and differences are summarized in Tables I and II Progressive changes with shock. As shock progressed (Figures 11, 12) with the subject under light evipal anesthesia, the systolic, diastolic, and mean arterial pressures fell as expected. Under evipal, a curious difference from the other agents was apparent: Starting from an initial normal pulse pressure, as shock progressed, the pulse pressure became progressively larger as a result of the diastolic pressure falling more rapidly than the systolic. The widest pulse pressure was found usually with a mean arterial pressure of 40 to 50 mm. Hg. During the agonal stage, the pulse pressure narrowed rather rapidly. Table III ).
condition under light ether anesthesia, and the level of anesthesia then deepened by giving ether until respiratory failure was approached or achieved, the following changes were observed (Table III Figure 4 (see Table IV ). The series of points immediately before "ether stopped" is omitted from Table IV. carotid vascular beds tended to decrease immediatelyyafter removing the ether, and then to rise againttowards original levels. The mesenterichimpedance, conversely, tended to rise while the#others fell, and then to fall again towards the starting value.
In shock (Table IV, Figure 5 ), the effects of deepening the anesthesia were comparable to the preceding except that: The rise in central venous pressure was usually not as high as previously. The initial rise in arterial pressure was usually lacking and the subsequent fall was of greater magnitude than before, with a considerable decrease in pulse pressure ( Figure 5 ).
In shock, the sequence in recovery of a light level of anesthesia was almost the same as in good condition, except that events were drawn out a little in time. The heart rate showed no consistent or significant changes with administration of ether or recovery from it. Charts of trends of pressure and flow are shown in Figures  4 and 5 , and actual records of changes with varying depth of ether in Figure 6 . Individual variations were considerable. In some of our runs, the initial rise in blood pressure was absent ( Figure 6A) . Similarly, the reciprocal flow changes in carotid and femoral arteries on the one hand and mesenteric vein flow on the other, (13) . A slowing of the heart rate under cyclopropane has often been reported previously (see Seevers and Waters (14) ). In studying the effects of cyclopropane on the circulation in a heart-lung preparation (dogs), Krayer On recovery, the fall in venous pressure was always present, but the arterial pressure sometimes fell steadily ( Figure 9A ) or rose and then fell (Figures 7, 9B ), or changed very little. The changes in flow early in recovery were quite variable in degree; examples of some variations met are shown in Figure 9 . The time relationship which the flow and pressure changes bore to each other on recovery were also quite variable. Thus, the phase of vasodilatation, characterized by the increase in femoral and mesenteric flow, occurred in some cases while the pressure was falling, as in Figure 9A , or partly during a phase of rising pressure and partly during a phase of fall, as in 9B, or entirely during a rise. Similarly, flow changes in one vascular bed were not necessarily accompanied by parallel changes in another, as in Figure 9B , where the carotid flow changes were entirely out of phase with the mesenteric and femoral.
In shock, the changes on deepening the anesthesia (Table VI, Figure 8) The nature of the agonal changes in animals dying in hemorrhagic shock differed according to the anesthetic used. Under cyclopropane or ether, the dying animals usually showed a progressive decline in systolic peak pressures with slowing of the heart rate until complete circulatory standstill was achieved. In contrast, animals dying of shock under evipal showed a similar initial slowing of the pulse and fall in pressure, followed characteristically by a brief burst of cardiac recovery, with restoration of blood flow and transient fall in central venous pressure. The recovery might last for 1 or 2 minutes and then fade out with resulting final cardiac standstill, or, in some instances, regress only to flare up again. The cardiac slowing before the reactivation observed under evipal was in some dogs not marked, but in about half (12 out of 26) of our animals under evipal, the heart slowed to complete standstill for a period of from 10 seconds to a minute, and then recovered as described for a minute or two. Such "recoveries" were not observed under ether or under cyclopropane.
When arterial and central venous pressures were measured carefully from the same zero base-line at the level of the opening of the vena cava, as explained previously, even in an animal dead from hemorrhagic shock, the arterial pres- (Figure 7) . It is further apparent from the records that there is no consistent correlation of vasoconstriction or vasodilatation in any of these 3 vascular beds with changes in arterial blood pressure or in central venous pressure.
Spontaneous changes of considerable magnitude have been recorded in one or another of these vessels, without any evidence of compensatory changes in the other beds, or any repercussions in systemic pressure. An example of such changes is seen in Figure 10 , where femoral flow shows considerable spontaneous and totally irregular flow changes without any sign of corresponding fluctuations in carotid or mesenteric flows or in pressures. Regular phasic flow changes of a similar nature have been recorded.
In our experience, such phasic or irregular flow changes have been met with most frequently in the femoral artery. The flow in the carotid and mesenteric vessels has appeared to be more stable. These effects have been observed under all 3 of the anesthetic agents.
Insofar as the primary anesthetic effects go, the 3 agents considered here have great clinical value, notwithstanding considerable variation in their particular fields of usefulness. Pertinent to the problem of determining the best anesthetic to use in men in shock is a comparison of the secondary effects of these agents, particularly on the circulation. In this connectioni, several facts stand out; for example, our findings suggest that cyclopropane is tolerated better by dogs in shock than is ether or evipal. This confirms the previous observation of Evans and Beecher (12) . It may in part be due to the observed fact that the carotid and mesenteric flows and the arterial pressure were preserved well even when the cyclopropane was pushed to a deep level of anesthesia. This was true with cyclopropane in animals in shock as well as in good condition; but was not the case with ether or evipal. From 
SUMMARY
The effect on the circulation of 3 representative anesthetic agents has been studied in dogs with the purpose of obtaining objective information as to the best choice of anesthetic agent for use in seriously wounded men. The influence of varying depths of anesthesia on heart rate, on systolic, diastolic, and mean arterial blood pressure, on central venous pressure, and on blood flow in 3 vascular beds, femoral, carotid, and mesenteric, has been studied in dogs in good condition and in shock (hemorrhage).
Sodium evipal effects were as follows: Deepening the anesthesia of subjects in good condition and in shock was followed in both instances by reduction in systolic, diastolic, and mean arterial pressures, by rise in central venous pressure, by diminution in flow through the carotid, femoral, and mesenteric vascular beds. There were no consistent changes in heart rate. The maximum effect on the circulation usually occurred about a minute after the intravenous injection. All components thereafter gradually approached their original levels; but when shock was present, the recovery process was slower than formerly and the original levels were not usually attained. Under evipal, as shock progressed, diastolic blood pressure fell faster than systolic, giving a pulse pressure which widened progressively until the terminal stages.
Ether effects were as follows: With the subjects in good condition, deepening of the anesthesia was associated with a progressive rise in venous pressure; a slight initial rise in systolic, diastolic, and mean arterial pressure, followed by a fall; a diminution in blood flow in the femoral and carotid arteries and in the superior mesenteric vein, with a rise in the hydraulic impedance in these vascular beds. Discontinuance of the ether supply was followed by a rather rapid fall in venous pressure towards the original level; arterial pressures, flows, and impedances recovered rapidly.
With the subject in shock, the effects of deepening the anesthesia were similar to those in animals in good condition. During recovery, events were comparable but somewhat drawn out. An important difference from cyclopropane was evident here: Repeated deepening of the ether anesthesia was plainly deleterious; it hastened the development and increased the degree of shock, as measured by the increasing inability of the circulatory components to return to their preceding levels. As shock progressed under ether, the systolic blood pressure fell more rapidly than the diastolic, giving a continuously narrowing pulse pressure. The pulse pressure in dogs in good condition under ether was much wider than under evipal or cyclopropane.
Cydopropane effects were as follows: With the subjects in good condition, on deepening the anesthesia, the central venous pressure rose remarkably and progressively. Arterial pressure showed inconstant changes. Heart rate progressively decreased. Femoral flow usually decreased, while that in the carotid and mesenteric beds increased; the hydraulic impedance changes were the inverse of the respective flows. Repeated deepening of anesthesia with cyclopropane, in contrast to ether, appeared to have no particularly lasting deleterious effects. In general, the changes on deepening the cyclopropane 199 anesthesia in dogs in shock were comparable to those observed with the animal in good condition. A complete series of flow and pressure changes on recovery from deep cyclopropane anesthesia was observed and described. As shock progressed under cyclopropane, systolic and diastolic blood pressure fell at about the same rate, without a significant change in pulse pressure, until terminal stages were reached.
In so far as one can judge from these experimental observations on dogs in shock as well as in good condition, cyclopropane might offer a wider margin of safety for anesthesia in the seriously wounded than ether or sodium evipal with respect to blood pressure and blood flow through essential vascular beds. (25) , and Machella (26) . This method depends on the fact that the temperature of a wire immersed in a 6 The development of this instrument was aided by a grant from the Milton Fund of Harvard University. moving stream of fluid or gas and heated by a constant current will depend on the rate at which heat is taken away from it by the moving stream, which in turn will be a function of velocity flow past the wire. The principle differs from that used by Rein (20) and by Baldes and Herrick (21) , who heated a moving stream of blood between the 2 junctions of a thermocouple, external to a blood vessel.
The hot wire was a piece of nichrome wire 0.0015 inch (0.0381 mm.) in diameter and about 2 mm. long, with a resistance of about 2 ohms, mounted rigidly in a cannula so as to be bathed by the moving stream of blood. The nichrome wire was heated by direct current drawn from a storage battery.
Therkocouple. Instead of recording the temperature changes in the wire by following changes in its resistance while it is connected as one arm of a bridge, we have soldered to it one junction of a thermocouple, in a manner somewhat like that used by Gibbs (27) and by Schmidt and Walker (28) and as recommended by Burton (29) . The other junction of the couple was mounted on the opposite side of the same cannula, 1 to 4 mm. upstream, so as to be kept as close as possible to blood temperature, and so as to be unaffected by blood heated while passing close to the hot wire. The thermocouple was in series with a moving coil galvanometer which registered the difference in temperature between the 2 junctions immersed in the blood. The deflections of the galvanometer were recorded optically.
The thermocouples were of wire 0.0015 inch (0.038 mm.) or 0.0031 inch (0.0794 mm.) in diameter. Three combinations of metals were tried: iron-constantan, copperconstantan, and chromel P-constantan. Iron-constantan couples were subject to breakage from corrosion. We were unable to establish any clear-cut preference between the other 2 combinations. The fine thermocouple wires were soldered to large (No. 28) copper leads, and these points of soldering were kept close together (but well insulated from each other) and enclosed in a small silver tube so as to keep them as nearly as possible at the same temperature and. thus avoid stray thermal currents arising from this extraneous pair of junctions.
Joining of heater and thermocouple. The hot junction of the thermocouple was soldered to a point midway along the length of the nichrome heater in such a way as to prevent the thermocouple circuit from being in parallel with any part of the hot wire. In a satisfactory junction, the heating current through the nichrome could be reversed without appreciably changing the deflection of the galvanometer in series with the couple.
Fashioning of hot and cold tips. The 4 wires leading to the hot junction (the 2 thermocouple wires and the 2 portions of the nichrome heater on each side of the junction) were then folded back so as to form a narrow tent or pyramid with the junction at the apex (Figure 13 ), and covered with a polymerizing phenolic insulating varnish (such as Bakelite) in which powdered quartz had been suspended in order to increase thermal conductivity. The 2 wires at the cold junction were similarly fashioned into a compact tip and insulated. Mounting in cannulae. The hot and cold tips connected to the lead wires were then mounted permanently and rigidly in a metal or lucite cannula, machined so as to fit conveniently into the vessel in which flow was to be measured. Metal was found to be superior to lucite because of its higher thermal conductivity. The tips were mounted as shown in Figure 13 , each in a hole drilled through the wall of the cannula, with the actual thermal junctions projecting equally about one-third of the diameter into the lumen of the cannula, and with connecting wires passing around outside the cannula, as shown.. The tips were fastened in place with a polymerizing insulating varnish which also provided a continuous plastic lining to the cannula.
In order to avoid possible error from galvanic currents arising from salt action on 2 different wires or from the presence of a saline bridge between the hot and cold junctions or the wires looping around the cannula externally, all wires were well covered by a suitable non-hygroscopic polymerzing resin.
In order to relieve the electrical lead wires of mechanical stress, a steel stay wire was looped around the cannula and soldered or otherwise fastened to it. The lead wires were anchored securely to the stay wire near the cannula, and enclosed in stiff insulation for a distance of 2 or 3 cm. from the cannula, in order to spare the fine wires from breakage from repeated flexion. The stay wire was insulated and the lead wires wound around it in a loose spiral, anchored with insulating varnish, and jacketed with flexible plastic tubing. Leads about 100 cm. long were found convenient. All electrical wires were carefully insulated from the cannula and stay wire and from each other, except at the hot and cold junctions.
Provision for interchangeability. The 4 lead wires from each cannula were soldered at their free ends to a plug which could be connected interchangeably with any of 3 equivalent circuits. The free end of the stay wire was fastened to the plug in such a way as to take up tension before the electrical lead wires were pulled taut.
The resistance of each completed thermocouple was measured, and a supplementary manganin resistance coil (Figure 14 , Fs) made up and mounted in the plug, the resistance of this coil being sufficient in the case of each thermocouple to bring the total resistance of the 2 elements to the same figure for all couples. In our thermocouples, the total resistance was 28.2 ohms.
Circuit. For simultaneous recording in 3 blood vessels, 3 approximately equivalent circuits were constructed as follows:
The nichrome heater (Figure 14, C) of the switch (Q), the battery could be connected in series with a dummy heater resistance of 2 ohms (F1), through which it could be caused to discharge at the expected rate for a few hours before actual use so as to allow its voltage to become stabilized.
The thermocouple leads were likewise connected through a similar switch (Qs) in series with the galvanometer (G) and certain resistors (F4 and F5). These resistors were so chosen as to make the total resistance in series with the galvanometer equal to its critical damping resistance, as supplied by the manufacturer. The heater current necessary to give desired sensitivity and the counter current necessary to bring the galvanometer beam to bear on the recording scale were determined for each thermocouple in each circuit. The sensitivity of the couple could be adjusted by varying the heating current, high sensitivity being achieved by high heating currents. A sensitivity giving a galvanometer deflection of 2 cm. for every doubling or halving of flow was found convenient for most cannulae.
In calibration, a series of various blood flows were passed through the cannula with heater and counter currents set, and deflections of the galvanometer noted. A sigmoid curve was obtained when voltage or galvanometer deflection was plotted against log of flow in cc. per second. The curves were conveniently plotted on semi-logarithmic paper, with voltage or deflection on the linear and flow on the logarithmic coordinates ( Figure  15A ).
In calibration, a definite zero flow deflection, stable to within a few millimeters, was obtained and found to be repeatable in the animal. In this respect, the instrument differs from those of Baldes and Herrick (21) and of Rein (20) , which have no definite zero flow deflection ( Figure  15D ) (see Herrick, Baldes and Sedgwick (30) ). Zero flow equilibrium is achieved when the heat supplied by the heating current is taken away solely by conduction through the cannula and fluid, and by convection. Zero flow cannot be charted on semi logarithmic paper, but the deflection point was placed on the charts and assumed to be the point at which the curve becomes vertical. Galvanometer deflection decreased progressively as flow increased from zero.
Changes in counter current from the balancing or compensating potentiometers merely moved the calibration curve laterally along the voltage coordinates without distorting the curve in any way. Figure 15A shows 2 curves taken with the same heating current with the same cannula, but with different counter currents-the number of millivolts tapped from the balancing potentiometer being given for each curve. Theoretically, the 2 curves should be entirely parallel, separated from each other by the same distance along the abscissa for any given ordinate. Calibration curves departing significantly from this ideal were discarded.
The part of the curve for fast flows is very steep, and was found to be less repeatable than other portions ( Figure  15B ). In practice, it was usually possible by proper Figure 15A ). It was possible to record almost all of the records on the high flow curve, the low flow curve being reserved for special purposes.
The calibration curves were repeatable and stable, and it was not necessary to calibrate each unit after or during each experiment. Figure 15B 
Cannulation
The insertion of the cannulae requires that the vessels be dissected, the animal heparinized, the blood vessels clamped and cut open, the cannula inserted, filled with salt solution, and secured, and the flow through the vessel reestablished. As a rule, the total time during which the flow through any vessel was shut off for cannulation was from 1 to 3 minutes. This short time was made possible largely by the use of special ligature clamps made by drilling the ends of mosquito snaps as shown in Figure 16 . Before cannulation, 2 waxed braided silk ligatures were passed around the vessel and threaded through the holes in the ligature clamp, as shown. After insertion of the cannula, the ligatures were drawn tight around each bead of the cannula and clamped. This required less time than would be required to tie knots. The flow was then reestablished in the vessel, final ties were secured around the cannula, and the clamps, which thus served a temporary purpose, were then removed.
Performance and sources of error After cannulation, the thermocouple was plugged into the circuit and the heater and counter currents set at the figures determined in calibration. The (Figures 6, 9 ). Quite possibly, error from varying environmental temperature might be further reduced by refinements in the placement and construction of the thermocouple tips. However, we feel other sources of inaccuracy are so large as not to justify any great experimentation along such lines.
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A further source of error arose from the fact that all portions of a moving blood stream may not be at exactly the same temperature. As shown by Franklin and McLachlin (31) , blood from various tributary streams emptying into a larger vein may remain as separate and distinct "stream lines" for a considerable distance down the larger vein. Such a stream from a tributary vein draining surface tissues may be at a temperature different from a similar stream from deep tissues, and these 2 streams may varyingly influence the 2 junctions of the couple. Changes in the relative proportions of these components might produce galvanometer deflections which would not represent true flow changes.
This factor was troublesome at times in flow measurements in peripheral veins, such as the jugular and femoral. It has not been so troublesome in deep veins, such as the portal or mesenteric, or in arteries. It is not always possible to correct for this error by means of the compensating potentiometer, as inflow of cold blood from a surface vein, for example, may vary phasically with respiration, or may be changed sufficiently by pharmacological agents or other factors to make interpretation of the records extremely difficult.
Error can arise within the cannula if it be angulated with respect to the blood vessel leading into it, so that the rapid portion of the blood stream deflects against the hot junction, giving rise to an apparent flow recording which exceeds the true one. Conversely, if the stream is deflected against the wall of the cannula opposite the hot junction, the hot junction may find itself in a component of the stream moving more slowly than normally and record a falsely low flow. In practice, it has usually been possible to align the cannula so that this deflection error was small or absent. At times, however, especially in deep cavities, such good alignment has been difficult to maintain, and erroneous records have resulted. Error from angulation may be considerable in short, wide cannulae; it is negligible in cannulae which are long in relation to their diameter.
A further source of error arises from the fact that the rate at which heat is taken away from a heated wire by a moving stream of fluid does not bear a linear relation to velocity, whereas the EMF from a thermocouple and the resistance changes in a wire are very nearly linear functions of temperature changes within the limits of the application to blood flow measurements. Hence, the mean deflection obtained by a mechanical integration, by the galvanometer, of the thermal currents varying with phasic flow changes will not represent true mean flows over the corresponding period of time. The size of this deviation would vary with the nature and period of the phasic changes, but the test runs with the phasic flow in the calibration bath ( Figure 15B ) suggest that the error may be more of theoretical than of practical importance, as far as this instrument is concerned. Gregg et al. (22) and Shipley et al. (23) pointed out that back flow during certain phases of diastole could cause great error in the Baldes thermostromuhr. Back flow in our flowmeter was of less consequence as a source of error than in the Baldes instrument since (1) the cold junction was mounted in a position where it was not affected by warmed blood washed back from the heater, and (2) heat was applied directly to the hot junction so that blood washed back on it still retained, initially at least, some heat from its recent forward passage past the couple, and hence cooled it less in back flow. As stated previously, phasic back flow up to 40 per cent of the net forward flow was tolerated by our instrument without appreciable error.
General appraisal and comparison with other thermnal methods
This instrument was sufficiently stable to give calibration points with a scatter of about i 10 per cent or i 15 per cent above or below the mean flow in favorable portions of the curve ( Figure 15B ). This was better than we were able to achieve using comparable precautions with the Baldes apparatus (cf. Gregg et al. (22)).
However, in the animal, the instrument was less reliable, and the experimental data now available do not allow us to set any rigid limits as to its accuracy. Obviously, in the presence of angulation, or of marked difference in temperature between various components of the blood stream flowing through the cannula, or in the presence of fibrin clots, it may be totally inaccurate.
Under reasonably satisfactory operating conditions, when external temperature was not fluctuating too rapidly, when angulation was absent, and when the blood within the vessel was at even temperature, fairly consistent results were obtained, since (1) (20) , Baldes and Herrick (21) , Gibbs (27) , and Schmidt and Walker (28) . These refinements have been effective in improving the time characteristics, stability, and accuracy of the instrument. Attaching the thermocouple directly to the heater, as done by Gibbs (27) 
